We have solved the x-ray structures of the binary horseradish peroxidase C-ferulic acid complex and the ternary horseradish peroxidase C-cyanide-ferulic acid complex to 2.0 and 1.45 Å, respectively. Ferulic acid is a naturally occurring phenolic compound found in the plant cell wall and is an in vivo substrate for plant peroxidases. The x-ray structures demonstrate the flexibility and dynamic character of the aromatic donor binding site in horseradish peroxidase and emphasize the role of the distal arginine (Arg 38 ) in both substrate oxidation and ligand binding. Arg 38 hydrogen bonds to bound cyanide, thereby contributing to the stabilization of the horseradish peroxidase-cyanide complex and suggesting that the distal arginine will be able to contribute with a similar interaction during stabilization of a bound peroxy transition state and subsequent O-O bond cleavage. The catalytic arginine is additionally engaged in an extensive hydrogen bonding network, which also includes the catalytic distal histidine, a water molecule and Pro 139 , a proline residue conserved within the plant peroxidase superfamily. Based on the observed hydrogen bonding network and previous spectroscopic and kinetic work, a general mechanism of peroxidase substrate oxidation is proposed.
Ferulic acid ((3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid, FA) 1 is a phenolic cinnamic acid derivative that is abundant in nature and known to act as an in vivo substrate for peroxidases (1) . FA enhances the rigidity and strength of plant cell walls by cross-linking with pentosans, arabinoxylans, and hemicelluloses, thereby making the cell walls less susceptible to enzymatic hydrolysis during germination (2) . The compound is a dibasic acid that exhibits an extended resonance stabilization of the phenolate anion, hence slightly increasing its acidity relative to phenol. pK a values of 4.6 and 9.4 have been reported (3) . Peroxidases have been reported to be the FA cross-linking catalyst (4) . The level of FA and its derivatives seems to be positively correlated with protection of the plant against insects (5), fungal (6) , viral (7) , and avian (8) attack. In plants, FA is thought to arise from the conversion of cinnamic acid (9) , and frequently it is esterified to hydroxyl groups of polysaccharides (10) , flavonoids, and hydroxycarboxylic acids (11) and to plant sterols (12, 13) .
The initial step in the biosynthesis of lignin is the enzymatic dehydrogenation of monolignols (14) to produce phenoxyl radicals. The radicals can link up to form dimers, trimers, and higher oligomers. Laccases and plant peroxidases have been proposed to be the in vivo generators of the phenoxyl radicals. The peroxidase oxidation of compounds with a syringyl group can be enhanced by esters of 4-coumaric acid and FA (15) . For these reasons, it is of interest to study the interactions between the cell wall component FA and the well characterized horseradish peroxidase C.
Peroxidases catalyze the oxidative coupling of phenolic compounds using H 2 O 2 as the oxidizing agent. The reaction is a three-step cyclic reaction by which the enzyme is first oxidized by H 2 O 2 and then reduced in two sequential one-electron transfer steps from reducing substrates, typically a small molecule phenol derivative (the charges of heme propionates are ignored in the scheme). The oxidized phenolic radicals polymerize with the final product depending on the chemical character of the radical, the environment, and the peroxidase isoenzyme used (4, 16) . The oxidation of native enzyme by H 2 O 2 (Reaction 1) is well understood, and numerous experiments (17) have confirmed the general catalytic mechanism for this step first proposed by Poulos and Kraut (18) . The oxidation of phenolic substrates (Reactions 2 and 3) has been less well understood, but a histidine (19) (His 42 in HRPC) and an arginine (20) (Arg 38 in HRPC) have been shown to contribute significantly to enhance the rate of substrate oxidation.
The HRPC-CN-FA complex has a K d for FA of 3.8 mM (21), which is 15-fold higher than the K d of the HRPC-CN-benzhydroxamic acid (BHA). Like FA, most reducing substrates bind to peroxidases with dissociation constants in the mM range (22) (23) (24) . There is, however, no direct correlation between the K d of a substrate and its reactivity toward compounds I and II. In general the rates of reaction of compound I with substrates correlate well with the driving force for the reaction (25), the HOMO/LUMO energy levels of substrate molecules (26) , or * This work was supported by European Union Training and Mobility of Researchers program "Peroxidases in the Environment" Grant FMRX-CT98-0200 and by a grant from the Danish Natural Science Foundation (Danish syncrotron users). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The their calculated ionization potentials (27) . FA acid is, however, an excellent substrate for HRPC (see later), the immediate product being diferulic acid (4) .
The formation of stable complexes between a variety of aromatic donor molecules including FA and the CN adduct of HRPC has been studied extensively by NMR techniques (21) . The CN bound state of the enzyme has been preferred by NMR spectroscopists because of its low spin nature. In crystallographic studies, the oxyperoxidase complex (Compound III) has served as a model for the Fe 3ϩ -OOH Ϫ species, a labile intermediate in the formation of Compound I (28, 29) .
In this crystallographic study, we describe the structure of the HRPC-CN-FA complex, which serves as a model for the pre-electron transfer complex formed between FA and compounds I and II. The presence of cyanide at the sixth coordination position of the heme iron sterically hinders the distal heme pocket and to some extent parallels the effect of the ferryl oxygen in Compounds I and II. Based on the structures of the HRPC-FA and HRPC-CN-FA complexes, we propose a general mechanism for oxidation of small phenolic substrates.
EXPERIMENTAL PROCEDURES
Presteady State Kinetic Measurements-The second order rate constants for the reduction of compounds I and II were determined as described previously (30) under pseudo-first order conditions. Plots of k obs versus substrate concentration were linear over the range studied, which were: 2.5-15 M for ferulic acid, 1-9 mM for indole-3-propionic acid, 1-8 mM for p-aminobenzoic acid, and 15-75 M for ferrocyanide. All measurements were conducted at 25 Ϯ 0.2°C in 10 mM sodium phosphate buffer, pH 7.0, on an Applied Photo Physics SX18MV stopped flow system.
Crystallization-Crystals were grown from a mixture of equal amounts (2 l) of recombinant HRPC and reservoir solution and 1 l of saturated FA in 2-propanol by hanging drop vapor diffusion at 10°C. The drops were equilibrated against a reservoir of 20% (w/v) polyethylene glycol 8000, 0.2 M Ca(CH 3 COO) 2 , and 0.1 M cacodylate buffer at pH 6.5. Immediately prior to data collection the crystals were immersed to a cryo-protective solution consisting of 30% (w/v) polyethylene glycol 8000, 0.2 M Ca(CH 3 COO) 2 , and 0.1 M cacodylate buffer, pH 6.5. At 120 K the crystals were orthorhombic, space group P2 1 2 1 2 1 , with unit cell dimensions a ϭ 40.3 Å, b ϭ 67.3 Å, and c ϭ 117.6 Å. A ternary complex of HRPC, cyanide, and ferulic acid was prepared by adding 1 l of 10 mM KCN to the equilibrated drops. The crystals were allowed to soak with KCN for 4 h. The space group of this complex was P2 1 2 1 2 1 , and the unit cell dimensions were a ϭ 40.9 Å, b ϭ 66.9 Å, and c ϭ 119.0 Å at 100 K.
Data Collection and Reduction-Diffraction data for the HRPC-FA were collected at 120 K on a Rigaku R-axis IIC image plate system with a Rigaku RU200 rotating anode operated at 180 mA and 50 kV. The crystal to detector distance was 80 mm, and 90 successive frames of 1°o scillations were collected. The frame exposure time was 30 min. The HRPC-CN-FA diffraction data were collected at MAXLABII, University of Lund at beamline 711 at 100 K. A MAR345 image plate system was used for this data collection, which had a crystal to detector distance of 200 mm and an oscillation range of 0.75°. The 345-mm/150-m scanner of the MAR345 was utilized. Auto-indexing and integration of intensities was achieved with Denzo (31), whereas the data were averaged and scaled with Scalepack (31) . Statistics for the data processing are given in Table I . Data were collected to a minimum Bragg spacing of 2.0 Å for the HRPC-FA complex, whereas the HRPC-CN-FA data were collected to a minimum Bragg spacing of 1.47 Å. Structure Determination and Refinement-The structures were solved by molecular replacement (32) using the structure of native HRPC (Protein Data Bank code 1atj) as the search model including only the protein moiety. Iterative rounds of model building in O (33) were followed by refinement in CNS (34) for the HRPC-FA structure and in SHELX-97 (35) for the HRPC-CN-FA structure. The occupancies of the FA molecules were refined within the limit 0 -1 for the HRPC-FA complex but without restraining the sum of occupancies. The final occupancies of FA1, FA2, and FA3 were 0.36, 0.46, and 0.26, respectively. The only heme group restraints applied in the SHELX refinement was the restraining of chemically equivalent bonds to have equal bond length (SADI) ( Table II) . The FA molecules bonds and angles were restrained to values obtained from the small molecule data base, Cambridge Structural Database, and the Engh and Huber parameters (36) were used to restrain the protein geometry in both complexes. Iron, calcium, and sulfur atoms were refined anisotropically in the SHELX-97 refinements. The SHELX refinement consisted of four rounds of conjugate gradient least square refinement and was completed by a blocked full-matrix refinement. Refinement statistics are listed in Table I . In addition to the FA molecule found in the active site of the HRPC-CN-FA complex, another well defined FA molecule is found in the HRPC-CN-FA crystal. In the HRPC-FA crystals, a poorly defined and not accounted for 2 F o Ϫ F c electron density is observed in the same location. This FA molecule is positioned between symmetry related HRPC molecules, having Ͻ4.5 Å to the N-terminal (residues Asn 13 , which is a proximal calcium ligand in class II and class III plant peroxidases, none of these contact residues are conserved among the plant peroxidase superfamily, and only crystal packing relevance and no enzymatic significance is ascribed to this interaction. Refinements include residues 1-305 of the HRPC-CN-FA complex and residues 1-306 of the HRPC-FA complex. An N-terminal methionine (Met 0 originating from the recombinant expression (37)) had only faint electron density in both cases and was omitted from the refinement. The Cterminal serine and aspargine were omitted in the case of the HRPC-CN-FA complex, whereas the C-terminal aspargine was omitted from the refinement of the HRPC-FA complex because of missing or weak electron density. The residues Asn 16 were refined with alternate conformations. In this case, the relative occupancies were refined, but the sum of the occupancies was restricted to 1.0.
RESULTS AND DISCUSSION

Reactivity of Ferulic Acid toward HRPC
Compounds I and II Table III shows the measured second order rate constants for the oxidation of FA by HRPC compounds I and II. FA is notable because its reaction with compound II is remarkably fast, in comparison with the other substrates listed in Table III and up to 10 times faster than many other phenols. It is a candidate for one of the most reactive physiological substrates oxidized by HRPC. This suggests that the structure of any pre-electron transfer complex between compound II and FA is close to optimal.
X-ray Structure
Overall Structure of the HRPC-FA Complexes-The crystals used in this study represent a new crystal form compared with the structure of HRPC (38) and of the HRPC-BHA complex (37) . The overall structure of HRPC is the same in all four structures with an overall root mean square deviation for C ␣ positions Ͻ0.4 Å in a pairwise superposition of the structures. FA Binding Sites in the HRPC-FA Complex-The 2 F o Ϫ F c simulated anneal omit (the FA molecules and residues within a 3.5 Å radius were omitted) difference electron density map in the active site of the HRPC-FA complex is shown in (Fig. 1A) . The relative weaknesses of the substrate density and its extent suggest both partial occupancy and multiple binding sites or substrate orientations. The disorder in the electron density of the substrate does not allow us to model the orientation of FA unambiguously, but conclusions about substrate orientation can be drawn. The disordered density can be described by at least three FA binding modes (Fig. 1) . The positions of the three possible binding modes are too close to represent more than one FA molecule bound in or close to the active site simultaneously (Fig. 1A) . 3 F o Ϫ F c electron densities was observed over the heme iron at the position of the FA carboxylic oxygens of FA3 (Fig. 1D) , when the occupancies of the three FA models were refined. This excess electron density could be accounted for by modeling two partly occupied water molecules in these positions (Fig. 1, B and C) . The FA3 binding mode (Fig. 1D ) (carboxylate facing inwards) is a direct consequence of the use of unesterified FA. In vivo, FA would be esterified to the hydroxyl groups of polysaccharides preventing the FA3 orientation from occurring. The ferryl oxygen of compounds I and II would sterically be in conflict with the FA3 binding mode, leading to the prediction that high FA concentrations in vitro might lead to substrate inhibition, by competitively slowing the reaction of the enzyme with hydrogen peroxide. This has been reported for certain substrates (40), but we are not aware of any detailed kinetic analyses of FA oxidation by HRPC. The FA1 and FA2 binding modes (Fig. 1, B and C) are the likely modes for productive interaction with compounds I and II in vivo. The positive F o Ϫ F c difference electron density observed suggest that at least two water molecules are bound in the active site when the substrate binds in the FA1 or FA2 orientations. One of these water molecules is the molecule found between the heme iron and the distal histidine residue in the resting state structures of plant peroxidases (38, (41) (42) (43) (44) (45) (46) . The second water molecule in the active site of the HRPC-FA complex hydrogen bonds to Pro 139 . This residue and associated water are conserved in the Ͻ2.0 Å resolution structures of other plant peroxidases including Arthromyces ramosus peroxidase (47) (1.9 Å), lignin peroxidase (48) (1.7 Å), and barley peroxidase (46) (1.9 Å), all of (5) pyrrole N III -Fe-C 90 (1) pyrrole N plane to pyrrole IV 7 (1) C (CN)-N(CN) 1.14 (5) pyrrole N IV -Fe-C 96 (1) C-N-N E (His 42 ) 145 (3) which in the active state oxidize small aromatic substrates rapidly.
The products typically resulting from the oxidation of substrates are phenoxyl radicals, very similar in structure to their respective substrate molecule but chemically very reactive species. These leave the active site rapidly and polymerize or disproportionate. A prolonged retention of the radical in close proximity to the heme group could increase the risk of autooxidative damage; therefore loose association of the reducing substrate with the enzyme, as found in the x-ray structure of the HRPC-FA complex, could be an advantage. It may be for this reason that the production of the very reactive veratryl alcohol cation radical in lignin peroxidase is displaced to a surface tryptophan residue (49) (3.0 Å) and the methoxy oxygen of FA is hydrogen bonded to the same arginine nitrogen (3.2 Å). A short hydrogen bond distance is found between the phenolic oxygen and an active site water molecule (2.6 Å) (Fig. 2B) . This water molecule is hydrogen bonded both to the backbone oxygen of Pro 139 (2.9 Å) and to the cyanide nitrogen (2.9 Å). The rest of the interactions between the FA molecule and HRPC can be defined as hydrophobic. HRPC residues within a 4. , and the C-18 methyl and C-20 of the heme group. The shortest distance between the heme group and the FA molecule is found between the methoxy oxygen and the heme C-18 methyl (3.5 Å). The distance between the phenolic oxygen and heme C-20 distance is 3.9 Å. The active site water molecule is 3.5 Å from His 42 and an almost equal distance (3.6 Å) from the cyanide carbon. The aromatic ring of FA is almost coplanar with the heme, and the general electron transfer is likely to take place from the highest occupied -orbital of the FA to the heme -orbital.
It could be argued that the position of the FA molecule in the HRPC-CN-FA complex is affected by the presence of the diatomic cyanide ion in the active site and that a ferryl oxygen ligand could result in a different orientation of the FA molecule. However, the position of the FA molecule in the HRPC-CN-FA complex corresponds to the position of FA1 in the active site of the HRPC-FA complex (Fig. 1B) . A superposition of the HRPC-CN-FA complex and the HRPC-BHA complex shows additionally that the position of the aromatic rings in these two complexes coincide. In both the HRPC-FA and the HRPC-BHA complexes, a water molecule is positioned between the heme iron and the distal histidine. This suggests that although the sixth coordination position in compound I or II is occupied by a single atom, the orientation of the FA molecule in the HRPC-CN-FA complex is likely to be the same as it would be in a complex with compound I or II.
The change in number of FA binding modes seen between the HRPC-FA and the HRPC-CN-FA complex is obviously caused directly by the presence of CN, because His 42 is the only residue that significantly changes position when cyanide is bound to the HRPC-FA complex. The presence of cyanide in the active site effectively excludes the FA3 binding mode. The FA2 binding mode provides only one direct hydrogen bond between substrate and protein, whereas the FA1 binding mode provides two direct hydrogen bonds. Because the cyanide can serve as a hydrogen bond acceptor for the active site water molecule to which FA1 binds (Fig. 2B) , it must be expected that the through water hydrogen bonds in the active site of the HRPC-CN-FA complex additionally will favor the FA1 binding mode. In contrast, the water molecule directly above heme iron in the HRPC-FA1 complex (Fig. 1B) will serve as a hydrogen bond donor to the active site water molecule. This makes the active site water molecule a hydrogen bond donor to the phenolic oxygen and weakens the FA1 binding in the HRPC-FA complex. Like cyanide, a ferryl oxygen will act as a hydrogen bond acceptor in the active site of HRPC.
At least two structural features are likely to explain the rapid reduction rates of compounds I and II by FA: (i) The structure of FA, with a methoxy group in the ortho position of the phenol, aids positioning this substrate in the substrate access channel. The result is hydrogen bonds from the substrate to both Arg 38 and the active site water molecule, which are close to optimal. (ii) FA has an extended resonance stabilization of the phenolate anion but is still fitting perfectly into the substrate access channel.
The Orientation of the Cyanide Molecule in the Active SiteThe 1.47 Å resolution of the HRPC-CN-FA data allowed us to perform an unrestrained refinement of the positions of the FA and the CN species. The shape of the cyanide electron density distinctly approaches atomicity with respect to the carbon and the nitrogen atoms of the cyanide ion ( Fig. 2A) . Prior to compound I formation (reaction 1), a transient Fe (Fig.  2B) . Surprisingly, the side chain of the distal arginine does not move when CN (28) . This suggestion is supported by the fact that the active site Arg 3 Lys mutant of HRPC showed a 500-fold decrease in the rate of compound I formation (52) , whereas the similar cytochrome c peroxidase mutation showed only a 2-fold decrease in rate (53) . In cytochrome c peroxidase, a tryptophan in the active site can also assist in the heterolytic O-O bond cleavage.
Mechanism for Substrate Oxidation in Plant Peroxidases-As argued previously, the orientation of FA is likely to be close to identical in the HRPC-CN-FA complex and in compound I and II complexes with FA. The position of the distal site arginine is invariant in the HRPC, HRPC-BHA, HRPC-FA, and the HRPC-CN-FA structures. This additionally suggests that the position of Arg 38 is insensitive to the ligand composition of the active site and that the position of Arg 38 is likely to be the same also in compounds I and II.
As noted, the water molecule found in the active site of the HRPC-FA and HRPC-CN-FA complexes (Fig. 2) is also observed in the active sites of other high resolution structures of plant peroxidases. The proline residue supplying the backbone oxygen that is the hydrogen bond acceptor for the water molecule is conserved throughout the plant peroxidase superfamily. If we assume the cyanide carbon atom to be in approximately the same position as the ferryl oxygen in compounds I and II, it is evident that the active site water molecule will be able to play a very significant role in the oxidation of substrate molecules. Arg 38 N E is then found to be within hydrogen bonding distance of the expected position of the ferryl oxygen of compounds I and II (3.4 Å from N E to the cyanide carbon) and will be able to stabilize these states with a hydrogen bond similar to what is seen in cytochrome c peroxidase compound I (54) and as suggested by the cytochrome c peroxidase-fluoride complex (29, 55) . However, as FA binding to HRPC includes a hydrogen bond between the phenolic oxygen and Arg 38 N H2 (2.9 Å), the hydrogen bond to ferryl oxygen will be weakened by substrate binding. The center of gravity of the charge distribution of Arg 38 will be moving from N E toward N H2 , and substrate binding is likely to be an activator of the ferryl center of compounds I and II of HRPC.
The oxidation of substrate molecules by plant peroxidases is accompanied by proton transfer (reactions 2 and 3 and Fig. 3 ). The hydrogen bond between Arg 38 N H2 and phenolic oxygen will assist proton transfer from the phenol to the distal histidine or ferryl oxygen as outlined in Fig. 3 . Site-directed mutagenesis studies support the notion that Arg 38 can interact with the reducing substrate (56) . The final destination of the proton is the distal histidine in the case of compound I reduction (57) . An electron is transferred from the phenolate to the C-18 methyl-C-20 edge of the heme group (58) , and the resulting radical will dissociate from the enzyme. In the case of compound II reduction, the distal arginine assists the proton transfer with an equivalent hydrogen bond to the phenolic oxygen of a second substrate molecule. Here the final destination of the proton is the ferryl oxygen, and an electron is transferred to the heme. Both proton transfers can well involve the water molecule, which is positioned equidistant between the active site histidine and the anticipated position of the ferryl oxygen in compounds I and II.
Conclusions
The aromatic donor binding region in plant peroxidases is a flexible solvent exposed region that allows for fast exchange of solvent molecules and small phenolic compounds. It cannot be considered a substrate binding site in the classical sense. The orientation of the FA molecule in the HRPC-FA-CN complex reveals the possible general enzymatic mechanism for plant peroxidase substrate oxidation: the distal arginine will assist proton transfer by hydrogen bonding to the phenolic oxygen. A structurally conserved water molecule positioned equidistant between the active site histidine and the expected position of the ferryl oxygen provides the highway for proton transfer. The final destination of the proton is the distal histidine in the case of compound I reduction and the ferryl oxygen in the case of compound II reduction.
